T he battery industry anticipates the exploration of new electrochemistry beyond conventional lithium-ion intercalation technology to boost energy density and reduce the cost for electric vehicles. The lithium-sulfur (Li-S) battery has received enormous attention in the past decade due to the high theoretical specific energy (in W h kg ) and Earth abundance of sulfur, which is generally coupled with a high-energy-density Li metal anode [1] [2] [3] . Major efforts dedicated to alleviating the problem of the polysulfide shuttling by tailoring the cathode structure 4-7 include using highly porous carbons [8] [9] [10] [11] , graphene 12 , decorated carbon 13 , polymers 14 and metal oxides, metal sulfides or metal carbides as the sulfur hosts [15] [16] [17] . Much progress has been made in fabricating long-life and stable sulfur cathodes, and this has brought Li-S batteries ever closer to the marketplace.
T he battery industry anticipates the exploration of new electrochemistry beyond conventional lithium-ion intercalation technology to boost energy density and reduce the cost for electric vehicles. The lithium-sulfur (Li-S) battery has received enormous attention in the past decade due to the high theoretical specific energy (in W h kg −1 ) and Earth abundance of sulfur, which is generally coupled with a high-energy-density Li metal anode [1] [2] [3] . Major efforts dedicated to alleviating the problem of the polysulfide shuttling by tailoring the cathode structure 4-7 include using highly porous carbons [8] [9] [10] [11] , graphene 12 , decorated carbon 13 , polymers 14 and metal oxides, metal sulfides or metal carbides as the sulfur hosts [15] [16] [17] . Much progress has been made in fabricating long-life and stable sulfur cathodes, and this has brought Li-S batteries ever closer to the marketplace.
However, the community has gradually come to a consensus that this improvement is mostly achieved in a 'flooded' system, in which a high electrolyte/sulfur (E/S) ratio is required (usually > 20 µ l mg -1 ) 18, 19 . This is because of the catholyte nature of the sulfur cells in a conventional 1 M lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) dioxolane/dimethoxyethane (DOL/DME) electrolyte. Unlike conventional lead-acid and Zebra batteries, which also operate on the principle of dissolution-precipitation chemistry, the typical Li-S battery relies on considerable-or full-dissolution of the intermediate polysulfides, and thus requires sufficient electrolyte for this purpose. However, to achieve a high energy density at the cell level, a low E/S ratio is essential to compete with current lithium-ion technology 20, 21 . To achieve this goal, one can utilize solvents with a high donor number, such as dimethylacetamide 22 and dimethyl sulfoxide 23 , which show a high polysulfide solubility. However, their high reactivity with the Li metal necessitates a protective membrane. Another avenue is to use solid electrolytes (SEs) that promise solid-solid sulfur conversion 24, 25 . Nevertheless, the promised high energy density cannot be realized until the interfacial challenges (SE/cathode and SE/Li) are solved 26, 27 . To achieve a low E/S ratio cell, it is important to decouple the electrolyte volume and sulfur speciation pathway. In light of the high polarization and low round-trip energy efficiency of non-solvent electrolytes 28 , sparingly solvating electrolytes that dissolve only a small fraction of polysulfides (less than about 3% in a cell) emerge as a more promising Li + -conducting medium 29, 30 . In contrast to a complete solid-state reaction, the presence of a small fraction of dissolved polysulfides can enable solution-based polysulfide disproportionation reactions at the interface, which contributes to faster kinetics. Through such a unique reaction scenario-a quasi-solid state reaction-one may achieve a balance among suppressed polysulfide shuttling, a low electrolyte volume and fast reaction kinetics 31 . One prerequisite for a long-lived, low E/S cell is that the electrolyte is not consumed by parasitic reactions with the Li metal anode. Unlike the intercalation-based graphite anode that forms a stable solid electrolyte interphase (SEI), Li metal reacts with the electrolyte, and is further catalysed by high-surface area dendritic growth 32 . In particular, solvent decomposition is a major contribution to the impeding SEI 32 . Li metal cells usually fail due to electrolyte solvent degradation (complete solvent decomposition) 33 . This problem is obviously not an issue in a flooded system even over long-term cycling, but it is critical for a low E/S cell. Recently, concentrated salt-dimethoxyethane electrolytes showed great promise in suppressing dendrites and improving SEI formation [34] [35] [36] . Seminal work showed that triethylene glycol dimethyl ether (G3):LiTFSI and tetraethylene glycol dimethyl ether (G4):LiTFSI solvate ionic liquids (SILs) efficiently reduce polysulfide shuttling in Li-S cells 37 . However, such electrolytes still exhibit a 'two plateau' electrochemical profile that is characteristic of catholyte-type cells, which are limited in reducing the E/S ratio and extending the cycle life. 
*
The lithium-sulfur battery is promising as an alternative to conventional lithium-ion technology due to the high energy density of both sulfur and lithium metal electrodes. An extended lifetime has been demonstrated, but two notable challenges still exist to realize its full potential: to overcome the undesired high electrolyte/sulfur ratio required for the catholyte-type mechanism that governs most cell configurations, and to inhibit Li dendrite growth and its parasitic reaction with the electrolyte that results in cell degradation. Here, we demonstrate that by tuning the electrolyte structure, the challenges at both electrodes can be tackled simultaneously. Specifically, the sulfur speciation pathway transforms from a dissolution-precipitation route to a quasi-solid state conversion in the presence of a lowered solvent activity and an extended electrolyte network, curtailing the need for high electrolyte volumes. Ab initio calculations reveal the nature of the network structure. With such an optimized structure, the electrolyte allows dendrite-free Li plating and shows a 20-fold reduction in parasitic reactions with Li, which avoids electrolyte consumption and greatly extends the life time of a low electrolyte/sulfur (5 µ l mg -1 ) sulfur cell.
The acetonitrile (ACN) solvate electrolyte 30, 38 exhibits serious decomposition in Li metal cells, as we show below, and is not feasible for low E/S cells. Furthermore, it is important to design a nonflammable and non-volatile electrolyte 39 to address battery safety concerns.
Here, with an aim to design low E/S cells, we solve the challenges at both electrodes simultaneously by tuning the electrolyte structure. We clearly demonstrate-through experiment and by computation-that by decreasing the solvent/salt molar ratio in a diethylene glycol dimethyl ether system (G2:LiTFSI), the sulfur reaction pathway transitions from a dissolution-precipitation system to a quasi-solid state conversion regime, which thus decouples the electrolyte and sulfur quantity and prohibits polysulfide shuttling. Simultaneously, we achieve non-dendritic growth and a stabilized SEI at the Li anode side. The structure of the G2-based system is fundamentally different from that of G3 and G4 because its chain length is the right dimension to fully wrap around the TFSI − anion and to form an extended network stucture. As the decomposition of the optimized electrolyte is reduced by 20-fold, electrolyte solvent degradation is mitigated to yield a 4-fold extended lifetime for low E/S (5 µ l mg -1 ) sulfur cells.
Tuning the electrolyte structure
The two figures of merit used to design such electrolytes are the polysulfide solubility and Li reactivity. Specifically, the electrolyte needs to solvate polysulfides only sparingly and to generate a stable SEI on Li. One route is to reduce the solvent activity, which we achieved here by tuning the solvent/salt ratio. We prepared a series of electrolytes with varied G2/LiTFSI ratios (mol/mol), which ranged from 7:1 to 0.8:1, with a hydrofluorinated ether (HFE) as the diluent. G2 was selected because it is relatively stable with Li (unlike solvents with a high donor number) and shows a more distinct solvate structure than other glymes, as shown below. Other solvate electrolytes based on DME/DOL (G1:LiTFSI (1.7:1)) 34 , DME (G1:LiTFSI (1.4:1)), triglyme (G3:LiTFSI (0.91:1)) and tetraglyme (G4:LiTFSI (0.8:1)) at their highest concentrations (that is, saturated) were also prepared for comparison (Methods and Supplementary Table 1) .
The solvation structure of the electrolytes was investigated by Raman and 7 Li NMR spectroscopy combined with ab initio molecular dynamics (AIMD) studies (Fig. 1) . The Raman band between 720 and 770 cm −1 is ascribed to the coupled CF 3 bending and S-N stretching in TFSI − (Fig. 1a) 
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. We observed a systematic shift towards a higher wavenumber as we reduced the amount of G2 solvent (that is, decreased the G2:LiTFSI ratio), which indicates a stronger coordination of TFSI − to Li + (Li-O). The bands at 739, 744 and 748 cm −1 can be assigned to the free, contact-ionpair (CIP) and aggregate TFSI − , respectively 38, 40 . The G2 solvent band (780-900 cm −1 ) shows that G2:LiTFSI (7:1) has free G2 (850 cm ), and the other lower G2:LiTFSI ratio electrolytes show only Li-coordinated G2 (red line in Supplementary Fig. 1a) . We thus expected a reduced solvent activity for low G2:LiTFSI ratio electrolytes. Adding HFE hardly altered the solvation environment of Li + ( Supplementary Fig. 1b,c) . Correspondingly, the polysulfide (Li 2 S 6 ) solubility, as measured by ultraviolet-visible (UV-vis) spectroscopy, shows a dramatic decrease as the G2:LiTFSI ratio decreases ( Supplementary Fig. 2 ). We further found that of all the saturated glyme electrolytes, G2-LiTFSI (0.8:1) exhibited the highest Li + -solvent coordination and thus the lowest solvent activity, as indicated by the TFSI − band shift ( Supplementary Fig. 1d ). This is related to the chain length of the solvent molecules, as discussed below. Also, as the G2:LiTFSI ratio decreases, the 7 Li NMR spectra show a more positive chemical shift (ppm), which indicates a more shielded nucleus and thus a stronger Li-O solvation (Fig. 1b) 
. The longitudinal relaxation time, T 1 , and full-width at half-maximum (FWHM), reveal the symmetry of the quadrupolar 7 Li nucleus solvation environment (that is, electron density), where a higher T 1 and lower FWHM is indicative of higher symmetry 40 . Here we observed a reduced solvation symmetry as the G2:LiTFSI ratio decreases, which indicates the formation of a more locally defined complex in the first solvation shell (Fig. 1c) .
The AIMD calculations provide an atomic-scale understanding of the solvation structure around the Li + cations (Fig. 1d-f) . HFE was not included in the calculations so as to focus on the main solvent effect. We evaluated the atomic coordination number around the Li + ion, Z(r), as a function of the separation distance, r, by integrating the radial distribution functions on the AIMD trajectories equilibrated at 55 °C (Fig. 1d) . Evidently, Li + cations prefer a tetrahedral coordination with the O atoms in TFSI − or G2 in all cases ( Supplementary Fig. 3 ). The relative contribution of the O atoms that belong to TFSI − or G2 in the first solvation shell is strongly influenced by the G2:LiTFSI ratio (Fig. 1e) . In the dilute electrolyte (7:1), the first solvation shell around Li + comprises one sulfonyl O (TFSI − ) and three ethereal O (G2) atoms. Upon reducing the fraction of G2, the number of O (TFSI − ) around Li + progressively increases up to ~2.55 for the 0.8:1 electrolyte (Fig. 1e) . Likewise, the fraction of free G2 (not coordinated to any Li + ) drops dramatically from ~71% (for 7:1) to ~12% (for 0.8:1) (Fig. 1e ). This increased association of TFSI − with Li + at low G2:LiTFSI ratios-with no adverse impacts on Li-G2 coordination-is enabled by the formation of aggregates 40 , in which each TFSI − binds with multiple Li + cations to form a reinforced three-dimensional (3D) network (blue lines in Fig. 1f ) 41 . This fact, along with the Raman/NMR studies, indicates a low solvent activity for the low G2:LiTFSI electrolyte, which is a consequence of both the 3D structure and a lower fraction of free solvent. Importantly, this leaves fewer oxygen moieties to solvate polysulfides or react with Li. Most importantly, the AIMD studies further show that among all the saturated glyme electrolytes (G1-G4 ( Supplementary Fig. 4) ), the G2:LiTFSI (0.8:1) electrolyte exhibits the lowest fraction of uncoordinated oxygen atoms, ~ 41% (versus 54%, 50% and 48% for G1, G3 and G4, respectively (Supplementary Fig. 5 )), which means it has the lowest solvent activity. This owes to the chain length of the G2 molecule, which is just right to fully wrap around the LiTFSI ion pair.
The low solvent activity, in turn, leads to a reduced electrolyte volatility and improved thermal oxidation stability for the higher G2:LiTFSI ratio electrolytes, as indicated by thermogravimetric and differential scanning calorimetry (DSC) studies ( Supplementary  Fig. 6a ,b and Supplementary Table 2 ). We also find that the G2:LiTFSI (0.8:1) electrolyte shows a greatly suppressed flammability under ignition ( Supplementary Fig. 6c,d ). This feature presents fewer explosion hazards 39 . Though the conductivity and viscosity decrease and increase, respectively, on decreasing the G2:LiTFSI ratio (Supplementary Table 3 ), they are in a reasonable regime for the operation of a sulfur cell . Nonetheless, it is still necessary to find an alternatively structured HFE and/or tune the G2:HFE ratio for an optimized viscosity and/or conductivity 40 .
Transformation in sulfur redox chemistry
The sulfur electrochemistry in these electrolytes was investigated at an elevated temperature (55 °C) using micrometre-sized sulfur to exclude possible nanoeffects (Fig. 2a) . The discharge curves exhibit a transition from the conventional 'slope followed by plateau' profile (centred at ~2.3 V and ~2.1 V; G2:LiTFSI (7:1)) to a very distinct 'equipotential bi-plateau' profile (~2.2 V, G2:LiTFSI (1:1)) as the G2:LiTFSI ratio decreases. This indicates a different sulfur speciation pathway in the sparingly solvating electrolyte versus in the catholyte. The profile also distinguishes the behaviour from that of a solid-solid conversion, which typically show a single-slope profile 24 , or from the behaviour in the G3:LiTFSI or G4:LiTFSI SILs, which show a conventional profile 37 . The voltage drop at ~400 mA h g −1 in the G2:LiTFSI (1:1) voltage profile relates to the Li 2 S nucleation, as described below. The slight voltage deviation at ~1,000 mA h g −1 is a sign of either further nucleation of low-order polysulfides (Li 2 S and others) or surface passivation towards the end of the discharge. Though the exact reason is unknown at this stage, we observe that its occurrence depends on the cathode structure and becomes absent after the first cycle. A three-electrode cell experiment excludes the Li anode as a contributor to the unique profile ( Supplementary  Fig. 7 ). We conducted galvanostatic intermittent titration (GITT) studies to show a thermodynamic origin. The electrolytes (G2:LiTFSI (7:1) and (1:1) and other glyme solvates) show distinct equilibrium voltages as a function of the state of discharge (SOD) ( Fig. 2b and Supplementary Fig. 8 ). A systematic comparison of all the G2 electrolytes reveals a clear transition trend (Fig. 2c ). In the first stage before the knee point (~400 mA h g −1 ), the average voltage decreases on decreasing G2:LiTFSI, but increases in the second stage (see red arrow in Fig. 2c ). In general, a higher voltage corresponds to higherorder polysulfides and vice versa. The lower first stage voltage for the lower G2:LiTFSI ratio electrolytes indicates an earlier transformation into low-order polysulfides. Based on its 'plateau' behaviour, we infer that this region is dominated by a two-phase reaction between S 8 and Li 2 S 4 (equation (1)), which is kinetically enabled by a marginal solution concentration of polysulfides (as suggested by the pale yellow separator ( Supplementary Fig. 9) ). We deem this a quasi-solid-solid reaction (equation (1) 
In the second stage, the slightly higher voltage for the lower G2:LiTFSI ratio electrolytes indicates that the electrochemical reduction of Li 2 S 4 is accompanied by a disproportionation of the initial product at the solid-liquid interface to form sulfur species that are less reduced (and thus raises the potential). Though a few different reaction sequences are possible in such a complex scenario, our ab initio calculations show that the most favourable is equation (2) coupled with equation (3) . Note that in this representative example, the S 8 (or possibly a high-order polysulfide) is reduced via iterative loops of equations (1)- (3) until it is consumed: To evaluate the effect of sparing solubility, the long-term cycling of Li-S cells was investigated using a conventional E/S ratio of 15:1 (µ l mg -1 ) (Fig. 2d) . The cells with a lower G2:LiTFSI ratio generally show a better capacity retention and higher coulombic , and the fraction of free G2 molecules (bottom) as a function of the G2:LiTFSI ratio. f, Typical snapshots from the AIMD trajectories for the two end-member electrolytes. Li + cations, purple; free and coordinated G2 molecules, cyan and grey, respectively; CIPs and aggregates of TFSI − anions, gold and blue, respectively; hydrogen atoms are not displayed for clarity. The cubic box represents the supercell for the calculated system. a.u., arbitrary units. Supplementary Fig. 11a) ; G2:LiTFSI (0.8:1) showed the highest capacity retention of 83% over 100 cycles with an average coulombic efficiency of 99.51% ( Supplementary Fig. 11b ). The voltage profiles remained almost identical over cycling for the G2:LiTFSI (0.8:1), which indicates the excellent reversibility of the S/Li 2 S redox ( Supplementary Fig. 11c,d) . We also observed a significantly improved capacity retention compared to other glyme electrolytes (exemplified by G1:LiTFSI (1.4:1), G3:LiTFSI (0.91:1) and ACN:LiTFSI (2:1) ( Supplementary Fig. 11e) ). We also investigated the room temperature behaviour to obtain insight into the kinetics (Supplementary Fig. 12 ). At room temperature, the low G2:LiTFSI ratio electrolyte shows a much lower polysulfide solubility and theoretically higher viscosity; the voltage polarization is thus slightly increased due to the slow solid-solid reaction kinetics and poorer electrolyte wetting. However, the capacity of ~720 mA h g -1 for bulk sulfur is much higher than that using the ACN:LiTFSI (2:1) electrolyte 30 . We note that nanostructured cathodes with an open porosity (sulfur diffused into Ketjen Black) show the best kinetics.
efficiency (

Quasi-solid state conversion pathway for sulfur speciation
To correlate the electrochemistry with the sulfur speciation pathway, we conducted operando X-ray diffraction (XRD) studies ( Fig. 3a and Supplementary Fig. 13 ) in view of the infeasibility of an X-ray absorption spectroscopy study due to the large amount of TFSI − in the electrolyte 28, 42, 43 . Other than the Li 2 S and S 8 reflections, no other diffraction peaks are visible. A clear trend of Li 2 S formation on discharge and the re-formation of S 8 on charge exists for both electrolytes; however, the dynamics of sulfur consumption and re-formation are vastly different (Fig. 3c) . On discharge, we observed a delayed consumption of sulfur for electrolytes with a lower G2:LiTFSI ratio, with the G2:LiTFSI (0.8:1) electrolyte completing sulfur consumption only at 42% SOD and G2:LiTFSI (7:1) at 21% SOD. At the same SOD, the lower G2:LiTFSI electrolytes thus ought to have a higher fraction of short-chain polysulfides 30 , which is consistent with the GITT studies above. Note that crystalline Li 2 S starts to form at the respective knee points (voltage drop) in all electrolytes and its evolution generally follows the same trend, as representatively shown for G2:LiTFSI (1:1) (Fig. 3c) . Upon charge, the G2:LiTFSI (7:1) electrolyte shows the formation of sulfur only towards the end (82%) of charge, coincident with the completion of Li 2 S consumption ( Fig. 3c and Supplementary  Fig. 14) , and consistent with the two-plateau charge profile. As the G2:LiTFSI ratio decreases, the electrolytes support an earlier re-formation of sulfur, leading to the single-plateau charge profile (Fig. 3c) . We ascribe the different dynamics of sulfur consumption and re-formation to the different polysulfide solubilities. Another striking difference resides in the crystalline phase of the re-formed sulfur: namely, β -S 8 is formed in G2:LiTFSI (7:1) but α -S 8 in G2:LiTFSI (1:1) (Supplementary Fig. 15a ). Apparently, this results from the different energy landscape for sulfur nucleation from a quasi-solid state reaction versus that of nucleation from solution dissolved polysulfides.
The crystallinity (that is, coherence length) of Li 2 S varies among the electrolytes (Supplementary Fig. 15b,c) . The G2:LiTFSI (7:1) cell shows the broadest Li 2 S(111) peak with a coherence length of 12.4 nm that increases to 19.4 nm for G2:LiTFSI (0.8:1). Correspondingly, the Li 2 S in the G2:LiTFSI (7:1) electrolyte forms a film-like layer on the surface, in contrast to the preserved bulk particle morphology in the 0.8:1 electrolyte (Fig. 3d,e) . Quasi-solid state conversion is thus advantageous in eliminating the accumulative growth of a thick insulating Li 2 S film, which clogs the cathode surface on extensive cycling. This is confirmed by in situ impedance studies using three-electrode cells that isolate the working electrodes (Fig. 3f,g ). A marginal increase was observed for the G2:LiTFSI (0.8:1) cell over 20 cycles, in contrast to the rapidly increasing impedance in the G2:LiTFSI (7:1) cell. In particular, the increased impedance at the low frequency in the G2:LiTFSI (7:1) electrolyte indicates a diffusion-limited process caused by the surface layer.
Non-dendritic and high-efficiency Li plating
Plating and stripping the dendrite-free Li at a high coulombic efficiency is critical for a stable Li-S battery with a low E/S ratio.
We observed vastly different Li plating morphologies in G2:LiTFSI (7:1), (1.33:1) and (0.8:1), with a transition from thin needle-like dendrites to thick nodule-like islands (Fig. 4a-c ) 35 . The stripping from the Li metal is uniform and pit free in a low G2:LiTFSI electrolyte ( Supplementary Fig. 16 ). In addition to the improved safety, we anticipate a large decrease of parasitic reactions with the electrolyte owing to the reduced electrode surface area. The voltage profiles of Li|Li symmetric cells (1st and 100th cycle) are shown in Fig. 4d . The G2:LiTFSI (0.8:1) electrolyte shows a minimal polarization variation on plating and stripping, which indicates little surface area variation, as recently reported 44 . We can rationalize the non-dendritic growth behaviour by the fact that as the G2:LiTFSI ratio decreases, both Li + concentration C o and transference number t c increase (t c as measured by NMR spectroscopy (Supplementary  Table 4) ), which results in a longer Sand's time 45 . Indeed, when a higher concentration of Li
− is accessible and Li + carries most The operando XRD patterns of the sulfur cathodes in the G2:LiTFSI (1:1) (a) and (7:1) (b) electrolytes as a function of the status of discharge and charge. c, The quantification of sulfur evolution on discharge and charge (consumption and re-formation) for different electrolytes, as normalized to the original amount of sulfur in the cathode. As a representative, Li 2 S is also shown for the G2:LiTFSI (1:1). The relative amount of each phase is quantified by integrating its major peak. d,e, The SEM images of cycled bulk sulfur cathodes in the fully discharged state in the G2:LiTFSI (7:1) (d) and (0.8:1) (e) electrolytes after three cycles. f,g, Impedance Nyquist plots of the working electrodes (cathodes) after different numbers of cycles (from the bottom up, 2, 5, 8, 11, 14, 17 and 20), measured at the discharged status in three-electrode configurations, for the G2:LiTFSI (7:1) (f) and (0.8:1) (g) electrolytes, respectively. Scale bars, 1 µ m.
of the charge, the generation of local space charge and electric field is greatly suppressed, which potentially eliminates dendrites.
The decomposition of the solvent molecules generally results in an impeding and non-uniform SEI 32 . Long-term plating and stripping coulombic efficiency studies in Cu|Li cells allow us to evaluate the degree of parasitic reactions and to monitor the electrolyte status (Fig. 4e) . The G2:LiTFSI (0.8:1) and (1:1) electrolytes show stable cycling for 200 cycles at 1 mA cm −2 , with an average coulombic efficiency of 96.2% and 95.8%, whereas the other electrolytes fail prematurely after 100 cycles with lower average coulombic efficiencies (21.6-94.8% ( Supplementary Fig. 17a) ). In particular, the G2:LiTFSI (7:1) shows a surprisingly low coulombic efficiency, 21.6%, with a short life of ~30 cycles (Supplementary Fig. 17b ). This means the electrolyte decomposition is greatly reduced by 20-fold each cycle for G2:LiTFSI (0.8:1). We disassembled the cells and found that all the failed ones showed a complete electrolyte consumption.
Li|Li symmetric cells also demonstrate the superior long-term Li cycling stability using the G2:LiTFSI (1:1) electrolyte (Fig. 4f) . Surprisingly, we found that the ACN:LiTFSI (2:1) electrolyte exhibited an extremely low coulombic efficiency (20-30%), which evidences an aggravated electrolyte decomposition (Supplementary Fig. 17d ). Indeed, even though all the ACN molecules are complexed with Li + , on Li plating, the rapidly desolvated Li + results in temporarily decoordinated ACNs that quickly react with Li metal. Therefore, this electrolyte is unsuitable for low E/S applications.
Understanding the SEI composition is critical to account for the plating and stripping efficiency. We retrieved the Cu electrode after ten cycles at full Li stripping. The SEI composition as a function of depth was investigated with surface-sensitive X-ray photoelectron spectroscopy (XPS) using Ar sputtering at various times (1, 6 and 16 min (Fig. 5)) . From the C 1s spectra, in addition to the commonly observed C-C (285.0 eV), C-O (286.6 eV) and OCOO (289.2 eV) 46 features, the SEI in the G2:LiTFSI (7:1) electrolyte exhibited an increasing fraction of -RLi (282.5 eV) as a function of depth (Fig. 5a,c) 
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. The absence of this behaviour in the G2:LiTFSI (0.8:1) electrolyte proves the suppressed decomposition of the G2 solvent. However, we observed a significant amount of Li 2 O for the G2:LiTFSI (0.8:1) electrolyte (Fig. 5d , and Li 1s in Supplementary  Fig. 18 ) 48 , a Li + conductor (when non-stoichiometric) 49 . Therefore, we conclude the promoted formation of ion-conducting Li 2 O and the absence of -RLi are the key factors for a stabilized SEI of the G2:LiTFSI (0.8:1) electrolyte. Correspondingly, the SEI after cycling in the G2:LiTFSI (0.8:1) cell shows a denser surface and is tenfold thinner than that in G2:LiTFSI (7:1) (Supplementary Fig. 19 ). 
Cell performance at low electrolyte to sulfur ratios
To prove the concept of the synchronously optimized sulfur/Li electrodes using the low G2:LiTFSI ratio electrolyte, we fabricated Li-S cells at a low E/S ratio of 5 µ l mg -1 in the G2:LiTFSI (0.8:1) and (7:1) electrolytes. Evaluation of the cells using even lower E/S ratios requires pressurized pouch cells that eliminate dead space. The cell in the G2:LiTFSI (7:1) electrolyte shows a rapid capacity fading over 20 cycles and failed due to its inability to charge (that is, to plate Li) as signified by the fluctuating charge voltage (Fig. 6a,b) . This is typical when the electrolyte is completely consumed and fails to conduct Li + ions. In contrast, the cell in the G2:LiTFSI (0.8:1) electrolyte shows a stabilized capacity, retained at 720 mA h g −1 over 100 cycles, free of voltage fluctuation (Fig. 6c) . We also compared the cells with the benchmark electrolyte, 1 M LiTFSI DOL/DME/2 wt% LiNO 3 . Without an effective polysulfide anchor in the simple structured carbon cathode, the cell cannot complete charge even on the first cycle at this E/S ratio ( Supplementary Fig. 20) ; the high concentration gradient of dissolved polysulfides apparently drives a detrimental shuttle.
Conclusions
The ultimate goal to build a low E/S ratio Li-S battery cannot be realized without resolving the two central challenges: shuttling of the super-concentrated polysulfides and depletion of the electrolyte by the Li anode. Though efforts have been made recently to fabricate efficient binders and nanostructured hosts, a simultaneous attempt to tackle electrolyte depletion has been overlooked. In fact, without eliminating the electrolyte decomposition, efforts to optimize the cathode structure would be fruitless on long-term cycling. We demonstrate here that, by tuning the electrolyte structure, we were able to optimize both electrodes synchronously, as opposed to solving problems on one aspect only. By using a diglyme electrolyte with a saturated LiTFSI salt, G2:LiTFSI (0.8:1), we witnessed not only a transition in the sulfur speciation pathway from the conventional dissolution-precipitation to a quasi-solid state reaction, which thus inhibited polysulfide dissolution and shuttling, but also a greatly suppressed parasitic reaction with the Li anode, which delays electrolyte depletion at a low E/S ratio. Our approach relies on establishing a networked electrolyte structure-as proven by computational studies-that shows a reduced solvent activity, which leads to a sparing polysulfide solubility and low reactivity with Li. We showcased a significantly improved capacity retention for sulfur cells using a low E/S ratio of 5 µ l mg -1 (720 mA h g −1 over 100 cycles, as opposed to 420 mA h g −1 over 20 cycles for the control electrolyte). This class of electrolytes also demonstrates reduced flammability and high safety, which is essential for electric vehicle applications.
Further development requires the optimization of their physicochemical properties, which include viscosity and conductivity, by screening the solvent molecules as well as the diluent co-solvents. To improve the sulfur and Li 2 S utilization in such a quasi-solid state conversion regime by the rational design of redox mediators, for example, would also help to reduce the irreversible capacity. It is also necessary to build a smart structured cathode that can host and activate sulfur at a large areal loading, but that does not exhibit an overly high porosity that takes up a large fraction of inactive electrolyte.
Methods
Preparation of the electrolytes. LiTFSI (BASF) was dried in vacuo for 3 days at 145 °C. G2, DOL/DME, G3, G4 and ACN were purchased from Sigma-Aldrich and dried over activated molecule sieves (4 Å) for one week before use (3 Å for ACN). The electrolytes were prepared in an Ar-filled glove box with a controlled moisture level and an oxygen level < 3 ppm. As shown in Supplementary Table 1, the mass-dictated volumes of glymes (or ACN) were mixed with LiTFSI at specific molar ratios at room temperature and stirred over a period of hours to 1 day to yield clear solutions. Subsequently, a desired volume of 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (HFE (Synquest Labs)) was added with stirring to yield clear electrolytes with a reasonable viscosity. The solvent:salt and HFE:solvent ratios of each electrolyte are summarized in Supplementary Table 1. Note that the G2:LiTFSI (2:1) electrolyte cannot form a clear liquid unless HFE is added together with G2 in the first step, which indicates that an insolubility region somewhere between 7:1 and 1.33:1 exists in the G2:LiTFSI phase diagram. For the other G1, G3 and G4 saturated electrolytes, we identified the saturation point by maximizing the LiTFSI concentration to the degree beyond which it is either non-soluble or only temporarily soluble on heating (thermodynamically unstable at room temperature). For the G2:LiTFSI (0.8:1) electrolyte, adding HFE at a larger HFE/ G2 ratio than 1:1 yields a cloudy solution, and thus was not attempted in this study. For the ACN:LiTFSI (2:1) electrolyte, the volume of HFE added was twice that of the ACN:LiTFSI (2:1) solution. The electrolyte consisted of 1 M LiTFSI in a mixed solvent of DOL and DME with 2 wt% of LiNO 3 (BASF).
Characterization of the electrolyte solutions. All of the measurements were conducted on electrolytes that contained HFE as stated in Supplementary Table  1 , unless otherwise stated. At 25 °C, the viscosity was measured using a µ VISC viscometer (Rheosense). The density was measured for electrolytes without HFE for the molecular dynamics computational studies using an Anton Paar DMA 35. The ionic conductivities at 25 and 55 °C were determined by measuring the electrochemical impedance using a homemade Swagelok cell with two flat stainless-steel electrodes at a fixed distance (2 mm). The cell parameter was calibrated using commercial 1 M LiPF 6 in an ethylene carbonate/dimethyl carbonate electrolyte (BASF) with known conductivity. The solubility of the polysulfide (using Li 2 S 6 as the representative composition) was measured using a UV-vis spectrometer (Agilent 8453A). The G2 electrolytes with saturated Li 2 S 6 at 25 or 55 °C were centrifuged and the supernatant was diluted using G2 at reasonable ratios for UV-vis spectroscopy. Standards for the calibration were prepared by dissolving a known amount of Li 2 S 6 in G2. The solubility was then quantified by fitting the standard curve with the peak intensity at 280 cm in Supplementary Table 3 to evaluate the electrolyte volatility. The decomposition temperature was determined by the exothermic peak at 400-450 °C. The flammability test was carried out in ambient atmosphere by externally igniting the electrolyte-soaked weighing paper.
Raman spectra between 200 and 2,000 cm −1 were obtained using a DeltaNu Advantage (785 nm) spectrometer. The electrolytes were loaded in glass vials inside the glove box and then sealed for measurements. The NMR studies on the 7 Li and the 19 F nuclei were conducted on two spectrometers at different magnetic field strengths at 298 K (a 300 MHz Bruker Avance II spectrometer at 7.05 T for the 7 Li and a 500 MHz Bruker Avance II spectrometer for the Li spectra were then recorded at a relaxation delay of fivefold the longest T 1 obtained 40 . The Li + transference number, + t Li , was determined from the diffusion coefficient and calculated using the equation
Li Li
Li TFSI
where + D Li and − D TFSI are the diffusion coefficients of the Li + and TFSI − , which were measured using a diffusion-ordered spectroscopy experiment. The 90° pulse length was calibrated for all the samples and the parameter gradient strength (g), the diffusion time (Δ) and the diffusion gradient length (d) were all optimized before the running the diffusion measurement. In our study, we chose g to be the variable parameter and kept Δ and d constant. The diffusion measurement, executed as a pseudo-2D acquisition, was carried out by incrementing the gradient strength for the indirect dimension. The diffusion data were then evaluated using the absolute value of the gradient strength of the probes (G), 5.35 G cm -1 for the 300 MHz spectrometer and 7.19 G cm -1 for the 500 MHz spectrometer and the predefined simfit T1/T2 relaxation program on the TopSpin software. All the samples were prepared in 5 mm NMR tubes with coaxial inserts that contained D 2 O for the external lock.
AIMD simulations. All the AIMD simulations were performed in the framework of density functional theory (DFT) within the generalized gradient approximation. We employed the projector-augmented wave (PAW) formalism as implemented in the Vienna Ab initio Simulation Package (VASP) 51, 52 . We simulated the bulk electrolytes using a computational supercell (18 × 18 × 18 Å) that consisted of ∼ 400 atoms, with periodic boundary conditions along all directions. For the G2-LiTFSI electrolyte systems, four different concentrations were simulated, 7:1, 1.33:1, 1:1 and 0.8:1 molar ratios (G2:LiTFSI); we also studied G1:LiTFSI (1.7:1, that is, DME:DOL:LiTFSI (7:5:7)), G3:LiTFSI (0.91:1) and G4:LiTFSI (0.8:1) electrolytes to understand the impact of the chain length and O content of the solvent. In all the simulations, the density of the electrolyte was fixed close to experimentally measured values (Supplementary Tables 5 and 6 for give measured density values). We employed the PAW pseudopotentials supplied by VASP, and the exchange correlation is described by the Perdew− Burke− Ernzerhof functional 53 . Long-range van der Waals dispersion interactions are treated using the DFT-D2 method of Grimme 54 . The plane-wave energy cutoff was set at 520 eV, and the Brillouin zone was sampled at the Γ point only. The initial configuration was prepared by placing LiTFSI and G2 molecules at random locations with arbitrary orientations; the number of each type of molecule was determined by the molar ratio and experimentally measured density. Each system was equilibrated at 300 K in the canonical ensemble (NVT) 55 for 10 ps with a time step of 0.5 fs. A constanttemperature condition was maintained using a Nose− Hoover thermostat. The solvation structure around the Li + ions (made up of all molecules that contain at least one atom within 2.7 Å of the Li + ion) was averaged over the final 1 ps of the AIMD runs.
Electrochemical measurements. Electrochemical studies were performed in 2325 coin cells unless otherwise stated. The bulk sulfur cathodes (for the electrochemical profile and GITT studies) were fabricated by hand-grinding bulk micrometre-sized sulfur (Alfa Aesar), Super P and polyvinylidene fluoride (PVDF) in a 5:4:1 weight ratio. The melt-diffused sulfur cathodes for cycling at 55 °C or at room temperature were fabricated using a sulfur/Ketjen Black carbon composite or sulfur/CMK-3 carbon (ACS Materials) composite (melt diffused at 155 °C for 12 h and containing 70 wt% sulfur), Super P and PVDF at an 8:1:1 weight ratio. The melt-diffused sulfur was used to ensure an intimate electric contact of the sulfur with the nanostructured carbon. The electrode slurry was prepared using dimethylformamide as the solvent, which was coated on carbon-coated Al foil by doctor blading, and provided a sulfur loading of 2.0 mg cm −2 in all cases. Electrodes were dried in vacuo at 60 °C overnight before use. The Li-S coin cells were assembled using a lithium foil anode and Celgard separators. All the electrolytes were added to give the desired ratio E/S ratio (µ l mg -1 ). The sulfur cells were operated between 1.2 and 3 V at 55 °C unless otherwise noted as room temperature (25 °C) . GITT measurements were performed by discharging/charging the cell with a 20 min current pulse at C/15 (1 C = 1,675 mA h g −1 sulfur) followed by a 2 h rest at an OCV between 1.2 and 3 V. A total of 45 current pulses was used for the discharge to ensure the maximal utilization of sulfur for a proper comparison. This protocol was designed so that an equilibrium voltage (or close to equilibrium) was obtained in a reasonable experimental time. Three-electrode cells were prepared using Li foil as the reference electrode. The sulfur cathodes for operando XRD studies were fabricated by hand-grinding Ketjen Black, sulfur and PVDF in a 7:2:1 ratio, to obtain a good signal/noise ratio. The cell was cycled at a C/30 rate at 55 °C in a homemade Swagelok-type cell, with an E/S ratio of 30 µ l mg ) on the Cu foil at a specified current (mA cm −2 ), followed by a full stripping up to a cutoff voltage of 1 V. The coulombic efficiency of each cycle was calculated as the stripped amount of Li divided by the plated Li; based on this, the average coulombic efficiency and standard deviation over a number of cycles was calculated. We also calculated coulombic efficiency by pre-plating 10 mA h cm −2 of Li on Cu foil followed by ten cycles of stripping and plating at 1 mA cm −2 (1 mA h cm −2
) and eventual full stripping up to 1 V (ref. 47 ). The Li|Li symmetric cells were assembled using fresh Li foils (1 cm −2 in area) as both electrodes, with 40 µ l of electrolyte. A fixed amount of lithium (mA h cm −2 ) was plated back and forth on the Li electrode. All the galvanostatic cycling was performed on a BT2000 battery cycler (Arbin Instruments), except that operando XRD cells were on a single-channel VMP3 instrument (Bio-Logic). The electrochemical impedance was measured on a VMP-Z instrument between 200 kHz and 20 mHz at the OCV.
Materials characterization.
Operando XRD was performed using a PANalytical Empyrean diffractometer fitted with a PIXcel detector. The diffraction patterns were collected using Cu Kα radiation. The patterns were collected in the BraggBrentano geometry. The cell was cycled at a C/30 rate with a pattern collection time of 15 min (20-55°). Patterns were group merged by three for phase quantification. The fractions of the Li 2 S, α -S and β -S phases were quantified by integrating the peak area of their corresponding major peaks, (022), (222) and (200). The average crystalline size (coherence length) of the discharge product, Li 2 S, was determined from the FWHM of the (111) peak based on the Scherrer equation. Scanning electron microscopy (SEM) imaging was performed using a LEO 1530 field emission SEM (Zeiss). XPS analysis was performed on a Thermo ESCALAB 250 instrument, using a monochromatic Al Kα source. All the spectra were fitted with Gaussian-Lorentzian functions and a Shirley-type background. The bindingenergy values were all calibrated using the C 1s peak at 284.8 eV. Argon sputtering of varied duration time was used to study the depth profile of the Li SEI. Cycled cells were dissembled inside the glove box and the recovered electrodes were thoroughly washed with G2, dried in vacuo and transferred to the SEM or XPS in Ar-filled vials.
Data availability. The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request.
